ABSTRACT The increasing use of nonlinear loads entails serious electrical energy quality problems in power grids. Active power filter could lead to significant improvement in harmonic compensation performance. In this paper, an adaptive second-order sliding mode fuzzy control based on linear feedback strategy for a three-phase active power filter is proposed to eliminate harmonics. This scheme is constituted by adaptive controller, second-order sliding mode controller, fuzzy controller, and linear feedback controller. The linear feedback controller can compensate the system's nonlinearities and make the new system have a linear behavior between the input and output. Moreover, the second-order sliding mode controller could transfer the discontinuities in the controller and reduce system chattering. Simulation results illustrate the proposed controller has better performance compared with fuzzy control and adaptive sliding mode fuzzy control.
I. INTRODUCTION
With the increasing use of nonlinear load, many power quality problems like harmonic current and harmonic voltage, have been brought into our society. Power system harmonics are created by non-linear devices connected to the power system such as variable frequency drives, DC-adjustable speed drives. As Arricibita et al. [1] mentioned that if we do not prevent harmonic current, it will arise problems such as equipment overheating or components malfunction. Moreover, harmonics in power system can bring us misfiring in variable speed drives, and torque pulsations in motors [2] . Therefore, it is urgent to offset harmonic current which is harmful to electric power system. In the last few years, active power filter has been an effective power electronic device to produce compensating currents so as to offset the harmonic currents into the grid. Lee and Hu [3] operated a shunt active filter as a harmonic conductance to suppress harmonic resonance. Hamad et al. [4] incorporated a neural network control strategy into an artificial intelligent-based technology for a shunt active power filter. Ribeiro et al. [5] proposed a robust adaptive controller of shunt active power filter for harmonic compensation, nonlinear loads balancing and the correction of power-factor. Miret et al. [6] invoked a current control scheme based on linear techniques for the single-phase active power filter and compared this scheme with advanced repetitive control. Chu et al. [7] combined PID sliding mode control and RBF neural control together for three-phase active power filter. Fei and Wang [8] presented an adaptive fuzzy-neural-network controller based on RBFNN control to enhance the robustness and stability of active power filter.
The model of the three-phase active power filter generally is a nonlinear model. So the linear feedback control method can be utilized to transform nonlinear system into linear system and make it more universal. Chaer et al. [9] proposed a linear feedback controller based on a parallel active harmonic conditioner to drive the inverter. Dey et al. [10] designed a linear feedback control scheme to solve the instability of the signal communication channel. Riccardi et al. [11] devised an approach which is a combination of hysteretic operator and linear feedback control to deal with hysteresis.
As we all know, traditional sliding mode control has many advantages such as the robustness to parameter variations and the insensitivity to disturbance. However, due to the fact of that the switch function only depends on system state, the discontinuities will be transferred into the controller directly, which may lead to chattering. To solve this problem, the second-order sliding mode control has been developed, which can constitute a new sliding surface by differentiating element and reduce system chattering effectively. Ling et al. [12] used a second-order sliding mode control for the three-level buck DC-DC converters and realized some attractive performance. Evangelista et al. [13] presented a new technique combining adaptive control and second-order sliding mode control together to improve the efficiency of variable-speed wind turbines. Tanelli and Ferrara [14] designed a novel switched strategy with second-mode sliding mode control to enhance system performance. Ferrara and Rubagotti [15] employed second-order sliding mode control into an auxiliary second-order uncertain system to circumvent chattering. Martinez et al. [16] proposed a second-order sliding mode controller to achieve high robustness for the rotor-side converter feeding a doubly fed induction generator. Levant and Alelishvili [17] extended integral sliding approach to second-order sliding mode and deliberately increased the smoothness of control.
However, if only integrate linear feedback control and second-order sliding mode control together, there is still a lack of the approximation of the unknown component and the assurance of the stability of system, therefore the design of linear feedback second-order sliding mode controller may combine adaptive fuzzy control to maintain optimal performance. Zhu and Fei [18] proposed a fuzzy sliding mode control based on disturbance observer to improve the stability of PV Grid Connected Inverter. Quiroga et al. [19] developed adaptive fuzzy method to improve the response for the induction motor under a scalar fuzzy control system. Khanesar et al. [20] presented an adaptive fuzzy controller of a nonlinear system to induce time delay over a network subject to a variable network. Rigatos [21] , Sahraei et al. [22] used adaptive fuzzy control in uncertain dynamic nonlinear system to approximate unknown system parameters. Fei and Lu [23] proposed a fractional adaptive fuzzy controller to increased the adjustability of system. Backstepping controllers have been combined with some fuzzy controllers to get good performance [24] , [25] .
In this paper, an adaptive fuzzy second-order sliding mode control based on linear feedback scheme for three-phase active power filter is proposed. Linear feedback control and second-order sliding mode control are extremely integrated with active power filter to eliminate harmonics, adaptive fuzzy control is adopted to approximate the model uncertainties and disturbances in the model. The main motivations in this paper are highlighted below:
(1) Second-order sliding mode control is employed into the adaptive fuzzy control to deal with the discontinuities in the controller and reduce system chattering. Compared with sliding mode control, second-order sliding mode control has better performance.
(2) Since linear feedback control has the ability to transform nonlinear system into linear system, and APF system also has nonlinear components, therefore, adding the linear feedback control into the system has some advantages, firstly, it can make the system easy to control and improve the robustness. Secondly: it is a kind of innovation to combine the second-order sliding mode control and linear feedback control and then employ them in three-phase active power filter.
The organization of this paper is as follows: in section 2, the principle of active power filter is described. In section 3, the adaptive second-order sliding fuzzy controller based on linear feedback is derived and the stability of the designed control system is proved by the Lyapunov stability theory. Simulation results are followed in section 4, and conclusions are provided in section 5.
II. PRINCIPLE OF ACTIVE POWER FILTER
The active power filter discussed in this section is the most widely used parallel voltage type APF-shunt active power filter, which is usually applied to three-phase system where a large capacity is required. The reason why the SAPF is most applied in the three-phase system is its excellent performance and easy implementation. In this section, we will study the three-phase three-wire system and develop the dynamic analytical mode of the APF. The structure of three-phase three-wire APF is shown in Fig.1 . As we can see, The APF contains three sections, harmonic current detection module, control system and main circuit. In harmonic detection module, the rapid detection of harmonic current based on instantaneous reactive power theory in Akagi et al. [26] is widely used. The original theory is named p − q formulation which can obtain accurate harmonic current only in terms of sinusoidal supply voltages. i p − i q formulation is proposed in Mindykowski et al. [27] by considering non sinusoidal supply voltages. Since there are no harmonic components of the distort supply voltage in the i p − i q formulation, it can get accurate harmonic current with non sinusoidal supply voltages. Reference current i cref contains harmonic component and fundamental reactive component, so APF can compensate both harmonics and reactive power under this condition. The control system can be divided into two separate parts, namely the current control system and the DC voltage regulator. For the sake of absorbing the harmonics created by the nonlinear loads, the compensation currents should be the same magnitudes and opposite phases with the harmonic currents which is the purpose of current control system. The main circuit consisting of power switching devices produces compensation currents according to the control signal from the control system. In this paper, the second sliding mode control and adaptive fuzzy control are proposed for current control system.
According to Kirchhoff's voltage and current laws we can get the following circuit equations:
where L c is the inductance of the APF, R c is the resistance of the APF and v MN is the voltage between point M and N.
By summing the three equations in (1), taking into account the absence of the zero-sequence in the three wire system currents, and assuming that the AC supply voltages are balanced, we can obtain:
The switching function c k denotes the ON/OFF status of the devices in the two legs of the IGBT bridge and c k is defined as
is on and S k+3 is off 0 if S k is off and S k+3 is on
where k=1, 2, 3 . . . . . ..
(1) can be described as:
And the switching state function d nk is expressed as
Hence d nk depends on the switching function c k Based on the eight permissible switching states of the IGBT, we can get
So the dynamic model of APF can be written aṡ
where
III. ADAPTIVE SECOND ORDER SLIDING MODE FUZZY CONTROL BASED ON LINEAR FEEDBACK APPROACH
In this section, a second-order sliding mode fuzzy adaptive control based on linear feedback is derived. Firstly, design the second-order sliding surface and the second-order sliding mode controller based on linear feedback. Then, fuzzy control is used to approximate the unknown bounded disturbance and finally adaptive laws are proposed based on Lyapunov stability theorem. The flow graph shown in Fig.2 presents the block diagram for control system. The tracking error is defined as,
where x is reference current, x d is command current. The derivative of the tracking error is:
The second-derivative of the tracking error is:
Choose a sliding surface as:
where k 2 > 0, e is the integral form of e. The derivative of the sliding surface is given below:
Define second-order sliding surface s =l + ∂l, where ∂ > 0.
Therefore, the derivative of the second-order sliding surface is:ṡ
According to linear feedback theory, assuming g 1 (x) = b = 0, the controller based on linear feedback could be designed as follows:
Substituting (10), (11) and (15) into (16), then the controller is proposed as:
Taking Eq.(10), (11) and (17) into Eq. (15):
Choose a Lyapunov function as:
Then:
Then stability of system and the boundedness of s can be guaranteed.
By using fuzzy control,f (x k ),ĥ(s k ) is designed to approximate f (x k ), ρsgn(s k )respectively. So the controller could be transformed into the form with fuzzy system:
wheref ( 
where γ 1 > 0, γ 2 > 0. Theorem: The controller (21) and adaptive laws (22), (23) are designed to ensure signal x d can track the appointed signal x, and the parameters θ f (t), θ h (t) can be entirely stable.
Proof: Set the optional parameters as:
where f is the aggregation of θ f , h is the aggregation of θ h , sup f (x) represents the minimum upper bound of f (x) and arg(min f (x)) is the set of value of x for which f (x) has the largest value.
Set the minimum approximation error as
where ω is bounded by a positive constant |ω| ≤ ω max . When θ gets the optimal parameter θ * h ,ĥ turns into:
where η ≥ 0. Then the derivative of second-order sliding surface could be written as:
wheref
Choose a Lyapunov function as follows:
The derivative of V 2 is:
Taking Eq.(32) into Eq.(34) yieldṡ
Eq.(31) could be transformed into:
when η ≥ (k 2 + ∂) |ω k | max ,V 2 ≤ 0 ,which is proved to be semi-negative definite. |ω k | max is maximum value of absolute value of ω k . According to Barbalart lemma, we can prove that ω k , η and s will converge to zero as time goes to infinity. As a result, the proposed controller can ensure the stability of the closed-loop system.
IV. SIMULATION STUDY
A simulation example using MATLAB /SIMULINK. with SimPower Toolbox platform is implemented in this section for the purpose of evaluating the performance of the proposed controller. In simulation experiment, the switching frequency value of voltage PWM converter is chosen as 20000Hz.
The parameters of the proposed controller are chosed as:
Since the rate of change of the actual compensation current should be greater than the rate of change of the expected compensation current,
3k , where I is allowable maximum current error range, k is the parameters obtained by simulation. According to the formula proposed by Xu [28] , we can get 5.6mH < L < 9.8mH . So we choose L = 6mH . The capacitance in the circuit of APF should follow the formula below: C > P ap T trams V dc V dc max , where P ap is the active power, T trams is estimated instantaneous time, V dc max is the maximum of DC voltage fluctuation. The choice of capacitance in the circuit of APF is related to AC filter inductance, DC side voltage and system power capacity, so it should be considered comprehensively. Under these circumstances, we choose C = 1000µF.
Nonlinear load branch is rectifier bridge connecting parallel RL load, where R = 10 , L = 2mH , PI control is adopted for DC voltage and the parameters are chosen as k p = 0.1,
The simulation results are shown in Figs.3∼13. Member function is shown in Fig.3 . The membership functions are chosen as :
where i is the number of fuzzy rules. We can achieve 36 fuzzy rules to approximate the unknown system when i = 6. 4 describes the development trend of instruction current and compensation current. During the simulation, when APF started to work at t = 0.04s, there was a slight fluctuations, but it is observable that the compensation current can quickly track the instruction current when t = 0.05s, which means the system has good robustness. When we add loads into circuit when t = 0.1s and t = 0.2s, the system under the proposed controller still has good current tracking performance. Fig.5 and Fig.6 are development of load current and source current respectively. As we can see from Fig.5 , it is clearly that the load in circuit changed when t = 0.1s and t = 0.2s, and the amplitude of current changes as the load size changes. Comparing Fig.6 with Fg.5, the load current maintained the same with load current before APF started to work at t = 0.04s, however, the waveform of the source current tends to a steady state at t = 0.05s. With the increasing of the load, the waveform of source current almost closes to a sinusoidal wave, illustrating the good performance of APF in the steady state operation. Fig.7 illustrates the compensation current tracking error of linear feedback adaptive fuzzy second-sliding mode controller. It is clearly seen that the tracking error can maintain very small value, verifying the effectiveness of the proposed controller in tracking compensation current. Fig.8 indicates the DC side voltage of linear feedback adaptive fuzzy second-sliding mode controller. The blue line represents the DC side voltage, and the black line represents the reference voltage. As we can see, the DC side voltage increases rapidly before t = 0.05s and can be adjusted to a stable status in the presence of the changes of the applied load. Although there is less fluctuation when the load changes at t = 0.1s and t = 0.2s, the waveform can be quickly recovered which explain the good stability of this system. Table 1 shows the comparison of values of mean square error between adaptive fuzzy second order sliding mode control based on linear feedback approach, adaptive sliding mode fuzzy control and sliding mode control. By adding adaptive control and fuzzy control into sliding mode controller, the mean square error decreased about 0.038. When change sliding mode control into second order sliding mode control and add linear feedback control into controller, the mean square error decreased about 0.038, which proves the tracking effect can have a great improvement and the proposed method has better tracking effect. Fig.10 to Fig.13 show the THD at different times during simulation. At t = 0s, it is clearly seen from Fig.10 , the value of THD is much higher than the harmonic standard of IEEE of 5%, which is unqualified. Fig.11, Fig.12, Fig.13 are represent the value of THD after APF started to work respectively. It can be seen that both of them are far less than 5% which means the system has strong robustness.
In order to have a better inspection of the proposed controller, the simulation results based on adaptive fuzzy sliding mode control and sliding mode control are presented below. Fig.14, fig.15 and fig.16 are the simulation results based on adaptive fuzzy sliding mode control. The tracking error is higher than the proposed method before t = 0.05s. And in fig.16 , the growth rate of DC side voltage is slow, and cannot reach 800V immediately which means the robustness of system is not very strong. Fig.17, fig.18 and fig.19 are the simulation results based on sliding mode control. In fig.18 , the tracking error is much higher than the proposed method especially after t = 0.1s, which means the proposed method has better tracking effect compared with sliding mode control. Furthermore, in fig.19 , the DC side voltage can't maintain a stable state which is similar with the fig.16 means the proposed method has stronger robustness than sliding mode control and adaptive fuzzy sliding mode control. Table 2 reveals the values of THD of adaptive fuzzy second order sliding mode control based on linear feedback approach, adaptive sliding mode fuzzy control and sliding mode control. All of them are lower than 5%, however, with the increase of the time, the THD of the adaptive fuzzy second-order sliding mode control based on linear feedback approach is gradually lower than adaptive sliding mode fuzzy control and sliding mode control, which means the performance of the proposed controller is obviously better than that of the adaptive sliding mode fuzzy control and sliding mode control. Furthermore, values of THD of adaptive fuzzy second-order sliding mode control based on linear feedback are gradually reduced, further verifying the good stability of the proposed controller.
V. CONCLUSION
A new adaptive fuzzy second-order sliding mode control based on linear feedback approach is presented for a threephase active power filter in this paper, capable of eliminating harmonics and improving power quality. In this respect, this new controller is constituted by linear feedback secondorder sliding mode controller, fuzzy controller and adaptive controller. The fuzzy controller is used to approach the unknown component in the linear feedback second-order sliding surface. And the design of adaptive laws is based on Lyapunov theorem to ensure the stability of the system. The feasibility and performance of the studied adaptive fuzzy second-order sliding mode controller based on linear feedback with three-phase active power filter was realized through simulation studies using MATLAB /SIMULINK. The simulation results prove that the proposed controller has more precise tracking accuracy, lower THD values, better performance and stronger robustness in comparison with adaptive fuzzy sliding mode controller and fuzzy controller which means this scheme has better performance and stronger robustness. Since neural control can fully approach to any complex nonlinear systems and have strong robustness, during future researches, neural control system could be added to resolve some exist problems and the system will have a better presentation. Moreover, next plan and direction will be implemented around hardware experiments based on proposed controller in the future.
